Understanding how environmental changes affect life-history traits is important for predicting population dynamics of a species. As one of the most pervasive forms of environmental changes in freshwater systems, eutrophication can change life-history traits of freshwater animals through density-dependent/independent processes. However, empirical evidence remains scarce regarding the mechanisms by which eutrophication influences life-history traits. We conducted a field study linking eutrophication, life-history traits and population density in a population of Margarya melanioides in Lake Dianchi, the largest lake of the Yun-Gui plateau in China and the most eutrophicated by humans, over 14 months in 2009-2010. We estimated key life-history traits (growth and reproduction) of M. melanioides in 2009-2010. Then, by comparing some lifehistory traits with those recorded in 1931-1933 (when the extent of eutrophication was comparatively low), we found that this snail had increased its fecundity (from 1.07 to 4.24 offspring/brood-bearing female) and the proportion of females with broods (23.6 to 77.4%), decreased its body size (54.2 to 47.6 mm) and the threshold size for reproduction (46 to 35 mm), and distorted its female/male sex ratio (1.6:1 to 0.97:1). These findings suggest that M. melanioides has adapted some life-history traits in response to intensified eutrophication. A structural equation model indicated that eutrophication influenced the reproduction of this snail through two related but opposing pathways: primarily by decreasing its population size to reduce its reproduction and secondarily by directly promoting its reproduction. Our results not only support the significance of eutrophication in determination of life-history traits of freshwater animals, but also suggest that density-dependent effects on reproduction may be stronger than direct environmental influences when population size is small.
INTRODUCTION
What factors affect life-history traits is a central question for modern ecologists. In freshwater ecosystems, life-history traits can either be influenced by environmental changes (Negovetic & Jokela, 2001; Palaoro, del Valle & Thiel, 2016) or be regulated by densitydependent processes (Mugabo et al., 2013) . For example, highnutrient habitats (e.g. eutrophicated lakes) with variable disturbance tend to affect mating and parental care activity, and favour r-selection traits and higher short-term reproductive investment of a species rather than long-term investment in longevity and somatic growth (Negovetic & Jokela, 2001; Candolin, Engström-Öst & Salesto, 2008; Järvenpää & Lindström, 2011; Cothran et al., 2012; Lin et al., 2014) . These r-selected traits enable organisms to recover quickly from low population density in human-disturbed conditions (Pimm, Jones & Diamond, 1988) or confer the ability to establish new populations rapidly in new freshwater areas (Groom, Meffe & Carroll, 2006) . In the other case, density dependence, which arises from intraspecific competition, environmental conditions or social cooperation between conspecifics, can regulate growth and reproduction, thereby determining population dynamics and stability of a species (Courchamp, Berec & Gascoigne, 2008; Yoshida et al., 2013) . However, there have been few studies investigating how human-induced eutrophication and density-dependent processes interact to affect life-history traits in field populations of molluscs. Such evidence is needed because it is relevant for biodiversity conservation and management of endangered species.
Human-induced eutrophication, one of the most profound forms of ecological alteration, has caused dramatic biodiversity losses and biotic homogenization worldwide, leading to massive local population declines or even extinctions of many freshwater organisms (Dudgeon et al., 2006) . As anthropogenic inputs of nitrogen (N) and phosphorus (P) increase in freshwater systems, eutrophication has become an increasingly severe threat to freshwater organisms in the 21st century (Strayer & Dudgeon, 2010) . The high N and P loadings in freshwater systems can enhance the biomass of benthic and suspended algae (Smith, 2003) , which limits the sunlight to bottom-living organisms and leads to fluctuation of dissolved oxygen in water and sediment. Eutrophication can also influence biodiversity and population dynamics by affecting organisms' life-history traits. For instance, eutrophication can promote reproductive success of sticklebacks (Candolin, et al., 2008) and enhance body growth and fecundity of carp . Nevertheless, empirical evidence linking eutrophication-related and density-dependent processes to life-history traits is still lacking.
The endangered freshwater snail Margarya melanioides Nevill, 1877 (family Viviparidae), endemic to some lakes of the Yun-Gui Plateau in China (Aldridge et al., 2009; Zhang et al., 2012) , provides a good opportunity to evaluate how eutrophication and density-dependent processes influence life-history traits. This snail is perennial, gonochoristic and iteroparous, possessing a large and thick shell (maximum size c. 77 × 47 mm), with prominent spiral keels on the surface of its scalariform whorls (Tchang & Tsi, 1949) . Margarya melanioides only lives on the bottom sediment and has limited dispersal ability (Liu et al., 1979) . This species has economic value and local people have been harvesting the snails as a popular food for hundreds of years, as its male gonad and foot muscle are delicious and rich in nutrients. As a result of the intensified eutrophication induced by lake aquaculture and urbanization etc., this snail has undergone a remarkable contraction across its geographic range over the past 50 years (Wang et al., 2011) . It has shrunk from being originally distributed in eight plateau lakes (with a total area of 963.6 km 2 ) in 1949, to only two lakes (406.6 km 2 ) in 2010 (Tchang & Tsi, 1949; Li et al., 1963; Li, 1987; Wang, 1988) . Within Lake Dianchi, its average density has fallen from 4.2 ind/m 2 in the 1930s, to 0.7 ind/m 2 in the 1990s and to 0.068 ind/m 2 in 2010 (Zhang & Cheng, 1945; Wang et al., 2011; Song et al., 2013) . Unfortunately, very little is known regarding its life-history traits or the factors that influence them. This has impeded accurate assessment of its conservation status and practical management of its population.
Here, we hypothesize that (1) eutrophication favours r-selection tactics in M. melanioides; (2) both eutrophication and densitydependent factors regulate reproduction of M. melanioides. In order to address these two hypotheses, we chose some potential factors that may affect reproduction. Using results from previous research on its life-history traits (Zhang & Cheng, 1945; Liu et al., 1979) and autecology (Song et al., 2013) , we aim (1) to quantify growth and reproduction in the 2009-2010 population in Lake Dianchi, and compare the life-history traits with those recorded in 1931-1933, when its life-history traits were less affected by eutrophication and (2) to tease apart effects of eutrophication and density-dependent processes on reproduction in the 2009-2010 population.
MATERIAL AND METHODS

Study area, snail collection and environmental variables
Lake Dianchi (24°23′-26°22′N, 102°10′-103°40′E) is located on the southwestern outskirts of Kunming City, the capital of Yunnan Province. It is the sixth largest freshwater lake in China and the largest in the Yun-Gui Plateau region (309 km 2 ), with a maximum north-south length of 39 km and east-west length of 12.5 km, and maximum water depth of 8 m and average water depth of 4.1 m (Wang et al., 2011) . It experiences a characteristic tropical plateau monsoonal climate and hydrological conditions, with a distinct annual rainy season from May to October and a dry season at other times. The lake mainly accommodates the surface runoff and the flow of 22 rivers. The lake discharges into the Tanglangchuan River, its only outlet to the southwest. The hydrological residence time is around 2-4 years (Wang et al., 2004; Liu et al., 2013) . The annual average water temperature is about 16.0°C (range 10-27°C) and the mean annual precipitation is about 1070 mm (Wang et al., 2010) . This lake is divided by a causeway into two connecting water bodies: Waihai (297.9 km 2 ) and Caohai (10.7 km 2 ), and the sediment is composed mainly of mud, silt and sand. Inputs of N and P from untreated wastewater of Kunming City have dramatically promoted the lake's eutrophication level in recent decades (Du et al., 2011; Zhang, et al., 2012) . As a consequence, algal blooms occur year-round and molluscan species richness had decreased from 25 in the 1980s to 6 in 2009-2010. Among them, four belong to the genus Margarya: M. melanioides Nevill, 1877, M. francheti (Mabille, 1886), M. oxytropoides (Heude, 1889) and M. monodi (Dautzenberg & Fischer, 1905) . The former three species have been listed as endangered and the latter as critically endangered in the IUCN Red List (Wang et al., 2011) .
To our knowledge, Zhang & Cheng (1945) were the first investigators to study the life history of M. melanioides. They sampled snails from 40 sites in Lake Dianchi from December 1931 to July 1933. All sampling sites were haphazardly set up in Waihai and water depth at the sites ranged from 2.5 to 6 m. At each sampling site, a trawl net (7.6 m in width, c. 33.3 mm in mesh size) was towed by a boat for 20-66 m. All collected snails were transported to the laboratory, where body size (shell length, SL) was measured using a vernier caliper and the soft body was dissected out to estimate reproductive parameters.
We carried out 14 monthly snail collections from November 2009 to December 2010 across 12 sampling sites in Lake Dianchi. Because of the absence of the snails in Caohai, all 12 sampling sites were set up in Waihai (9 sites in northern-central and 3 in southern regions) (Fig. 1) . No sampling was performed in the southern-central region, where fish traps were frequently found, in order to minimize disturbance to the process of trawling snails. At each sampling site, a trawl net (1.2 m in width, c. 5 mm in mesh size) was used to collect snails. The trawl net was towed by local fishing-boat for a distance of 50-120 m (measured by GPS; Magellan 315) and the sampling area (m 2 ) was calculated as 1.2 m × trawl distance (m). All the living specimens collected were counted on each sampling occasion and then preserved in 4-6% formaldehyde solution. Body size was measured (as SL) in the laboratory, using a vernier caliper on the snail's longitudinal axis (Song et al., 2013) .
We also sampled water and sediment for physicochemical analysis in November 2009 , February 2010 , May 2010 and August 2010 at each of the 12 sampling sites. In the field, we measured dissolved oxygen (DO), pH, water temperature (Temp), sediment pH (Sed-pH) and sediment oxidation-reduction potential (Sed-Eh) with a YSI Environmental Monitoring System 6600 (Yellow Springs Instruments, Yellow Springs, OH), and wind speed (WS), transparency (SD) and water depth (WD) with an anemoscope, Secchi disc and sounding lead, respectively. In the laboratory, we analysed total nitrogen (TN), NH 3 -N, NO 3 -N, NO 2 -N, total phosphorous (TP), chlorophyll a (Chl-a), total sediment nitrogen (Sed-TN), total sediment phosphorous (Sed-TP), sediment organic matter (Sed-OM), and sediment redox capacity (Sed-Ca) according to Chinese standard methods for surface water analysis (Huang, Chen & Cai, 1999) . Details of environmental variables can be found in our previous study (Song et al., 2013) .
Estimates of life-history traits of the 2009-2010 snail population
Based on the length-frequency histogram (LFD) (Song et al., 2013) , the snails were sorted into 12 size classes at 5.0 mm intervals. Given that M. melanioides is an endangered species, we did not have enough individuals to estimate parameters of the von Bertalanffy growth function (VBGF) for each sampling site, so the snail density was averaged across 12 sites for each size class in each month, and then the LFD matrix (total 582 individuals) was constructed as size class (12 rows) × temporal mean density (14 columns). The lumped data were used to estimate the longevity and growth parameters of the snail population in Lake Dianchi. The estimations of growth and longevity were based on the following VBGF:
where L t is the length at age t, L ∞ is the asymptotic length (the maximum length at which growth rate is zero), K is the growth rate and t 0 is theoretical age at length zero. Analyses of K and L ∞ were conducted using the ELEFAN I routine in FiSAT-II software, with fixed initial body size obtained from the field observations. The ELEFAN I routine, which is commonly used for gastropod studies (Vasconcelos et al., 2006) , calculates peaks and troughs in LFD matrix, traces through the LFD matrix for all arbitrary inputs of L ∞ and K to find all potential growth curves and then selects the growth curve with the highest goodness-of-fit index value (Rn) as the best. Rn is defined by:
where ASP (available sum of peaks) represents the sum of the values of all the calculated peaks in the LFD matrix and ESP (explained sum of peaks) is the sum of the values of all the peaks 'hit' by the growth curve (Pauly & Morgan, 1987) . The potential longevity is 3/K (Pauly & Munro, 1984) . Because the ELEFAN I routine cannot give the estimation of theoretical age at length zero (t 0 ) from length-frequency data (Pauly & Morgan, 1987) , t 0 was estimated based on the following empirical equation (Pauly, 1979) :
The gonosomatic index (GSI) was used as a measure of reproduction of M. melanioides. In total, 260 mature individuals from 168 samples (12 sites × 14 months) were sexed according to whether snails have a genital pore (female) or petasma (male) (Liu et al., 1979) and overall sex ratio was calculated. Total body tissues (without shell) of the specimens were weighed, then the gonads were dissected out, weighed to the nearest 0.1 mg and used to calculate the GSI:
where GW and W represent wet gonad weight and total body weight, respectively. The threshold size for reproduction was defined as the minimum body size at which females had offspring inside their body. The brood-bearing proportion among all females was calculated as the number of females with offspring divided by the total number of females examined. Given that the months of the snail's main period of reproduction and recruitment are July and August (Zhang & Cheng, 1945) , the brood-bearing proportion was estimated using 84 females sampled in July 2010 and August 2010. Among these, 65 brood-bearing females were dissected to estimate fecundity (number of offspring produced per brood-bearing female).
Life-history traits of the 1931-1933 population
In order to study the effects of intensified eutrophication on growth and reproduction of M. melanioides, we used the estimates of growth and reproduction in the 2009-2010 population as an intensifiedeutrophication scenario to compare with the scenario of 1931-1933 when the extent of eutrophication was comparatively low. We obtained growth and reproduction parameters of the 1931-1933 population from the previous study of Zhang & Cheng (1945) . According to Zhang & Cheng (1945) , 9,632 snails were sexed to estimate the sex ratio. Among them, 534 female snails that were sampled between July and August in 1932, and July in 1933, were dissected to estimate the proportion of brood-bearing females, and 126 of them were used to estimate fecundity. These authors also selected 900 females haphazardly from the 9,632 snails to estimate the threshold size for reproduction. Since they used a trawl net with mesh size of 33.3 mm, which probably missed small-sized snails (<30 mm), only large-sized snails (>30 mm) were counted to estimate the mean body size. To make the measurements of mean body size comparable across studies, we therefore estimated the mean SL only for those snails larger than 30 mm in the 2009-2010 population and excluded smaller snails.
Statistical analysis
A structural equation model (SEM) was used to explore the direct and indirect effects of environmental and density-dependent processes on reproduction of M. melanioides. SEM is a powerful and widely-used multivariate analysis method that can evaluate causal relationships between predictors and more than one dependent variable by teasing apart their correlations into direct and indirect effects (Grace, 2006) . Based on our previous ecological study of the snails (Song et al., 2013) , we proposed an a priori theoretical SEM to evaluate environmental and density-dependent effects on reproduction (Fig. 2) . Specifically, this SEM included a four-month dataset (November 2009 , February 2010 , May 2010 and August 2010 across 12 sites) of environmental factors, population density and reproduction (average GSI of all mature females on each sampling occasion).
The a priori SEM was carried out and evaluated based on the following criteria: (1) P-value of Chi-square analysis > 0.05; (2) lower 90% confidence intervals of the root mean square error of approximation (RMSEA) < 0.05; (3) comparative fit index (CFI) > 0.90. To improve the model fit, missing paths were identified by high modification indices and large residual correlations between pairs of variables, and subsequently incorporated into the model as error covariances. This procedure was repeated until a satisfactory model was obtained. To develop the final SEM, all nonsignificant variables (P > 0.05) were removed from the satisfactory SEM and model fits were reevaluated. The fit of the final SEM was good, with P-values of Chi-square analysis > 0.1, CFIs = 1 and values of RMSEA = 0.
To assess whether spatial and temporal autocorrelations exist, Moran's I tests and temporal autocorrelation function (ACF) were used for the residuals of linear models which contained the same variables as the final SEM. Specifically, ACF was conducted for residuals of each site across months and Moran's I index was calculated for residuals of each month across sites. We used standardized partial regression coefficients of all predictors to evaluate their relative importance.
All statistical analyses were performed using R v. 3.3.2 software (R Development Core Team, 2017) . SEM was developed with R library LAVAAN, and Moran's I values were calculated using R library APE. Due to the high correlation between nitrogen-related variables (TN, NH 3 -N, NO 3 -N, NO 2 -N) (R 2 = 0.73-0.23), they were initially integrated into PC1 and PC2 axes using principle component analysis as explanatory variables for SEM to avoid high colinearity. All environmental factors and density values were log-transformed (except for pH and Sed-pH), and reproductive index was square-root-transformed to improve normality and linearity. χ 2 analysis and Kruskal-Wallis nonparametric tests were used to test the differences in mean body size, fecundity, proportion of brood-bearing females and sex ratio between the 1931-1933 and 2009-2010 populations.
RESULTS
Life-history traits of the 2009-2010 and 1931-1933 snail populations
As for 2009-2010 population, the growth curve with the highest goodness-of-fit index (Rn = 0.270) was selected. Then, the VBGF was expressed as:
L e 74.5 1 . t t 0.89 0.14 From the VBGF equation, theoretical maximum SL (L ∞ ), growth rate (K) and theoretical age at length zero (t 0 , the time during which fertilized eggs developed into newborns) were estimated to be 74.5 mm, 0.89 year -1 and -0.140 year (-50.40 d), respectively. According to the derived growth parameters, Margarya melanioides reached a SL of 30 mm in about 0.430 years (157 d) and the estimated longevity, 3/K, was 3.37 years. The growth curves indicated that population recruitment started in July (Fig. 3, black arrow) .
Mean shell size (47.6 mm) of the large-sized snails (>30 mm) sampled in 2009-2010 was significantly shorter than that (54.2 mm) in 1931-1933 (χ 2 = 353.5, P < 0.01) (Table 1) . Similarly, the observed maximum SL (65.12 mm) in 2009-2010 was less than that (75 mm) in [1931] [1932] [1933] (Table 1) .
The reproductive traits of the 1931-1933 and 2009-2010 populations of M. melanioides are compared in Table 1 . Among them, the former's sex ratio (1.6:1, female vs male) was significantly higher than that (0.97:1) of the latter (χ 2 = 16.17, P < 0.01) and the threshold size for reproduction (46 mm) in 1931-1933 was larger than that (35 mm) in 2009-2010. The former's mean fecundity (1.07 offspring/brood-bearing female) and proportion of brood-bearing females (23.6%) were significantly lower than those (4.24 and 77.4%) in the latter (χ 2 = 139.2 and 98.3, all P < 0.01) ( Table 1 ). In the 2009-2010 population, the monthly GSI patterns were distinct for males and females (Kruskal-Wallis, P < 0.05). Both had their lowest values in March and April (0.05 ± 0.004, 0.08 ± 0.03; mean ± SD), then soared in April and May (Fig. 4) and finally reached their highest values in October (0.10 ± 0.01) and November (0.31 ± 0.03).
Influence of density dependence and environmental factors on reproduction
The final SEM showed that environmental factors strongly influenced reproduction of M. melanioides, primarily through densitydependent processes, but also through their direct impacts (Fig. 5) . Specifically, GSI showed the strongest positive correlation with the population density of M. melanioides. This positive density dependence was negatively related to Sed-TP and Sed-Ca. GSI was also positively associated with Sed-Ca and TP, but negatively correlated with WD and WS. Overall, the density-dependent effects on reproduction exceeded the direct impacts of Sed-Ca, TP, WD and WS (Fig. 5) . No obvious spatial or temporal autocorrelation structures were detected in the model's residuals and therefore their effects were negligible.
DISCUSSION
To our knowledge, our study is the first explicitly to link population density, life-history traits and eutrophication together in a freshwater snail population. We compared the life-history traits of Margarya melanioides in the 2009-2010 population with those in [1931] [1932] [1933] in Lake Dianchi and interpreted our results in terms of the impact of intensified eutrophication. Importantly, we found that eutrophication affected M. melanioides reproduction in 2009-2010 through two related but different pathways: primarily by decreasing its population density to reduce its reproduction and secondarily by directly promoting its reproduction.
With rapid eutrophication development during past 78 years in Lake Dianchi, many life-history traits of M. melanioides have changed dramatically and can be classified into two types. The first category concerns increased reproductive investment, with more offspring produced on average per female and a higher proportion of brood-bearers among total females in 2009-2010 compared with the 1931-1933 population. Eutrophication also appears to distort the sex ratio and induce earlier primiparity of M. melanioides, which may increase the probability of reproductive success by decreasing the period during which M. melanioides risks dying before reproducing. The second category includes alteration of growth traits, indicated by the smaller mean body size (measured as SL) in 2009-2010 compared with the 1931-1933 population (Tchang & Tsi, 1949; Liu et al., 1979; Song et al., 2013) . Decreased body size may increase offspring mortality of M. melanioides, because smaller maternal size decreases embryo size (R = 0.65, P < 0.05) and accordingly lowers offspring survival rate.
These life-history trait changes could be the outcome of either ecologically driven phenotypic plasticity of M. melanioides (Stearns & Koella, 1986) or evolutionary changes to promote survival in response to intensified eutrophication. Our findings are in accordance with many previous studies that have shown that eutrophication promotes r-selected traits in other freshwater fauna (e.g. snails, mussels and fish). For example, freshwater mussels can increase body growth rate and fecundity in eutrophic conditions, possibly due to increased availability of food, although they may decrease their growth and reproduction if food quality is reduced under extreme eutrophic conditions (Strayer, 2014; Reis & Araujo, 2016) . Excessive nitrate may prevent juvenile recruitment of mussels and snails in freshwater systems (Strayer & Malcom, 2012; Alonso & Camargo, 2013) and this could also be true for fish, since excessive nitrate can reduce fish embryo weight and reproductive activity (Edwards, Miller & Guillette, 2006 ). In contrast, high turbidity induced by increased growth of phytoplankton in eutrophic environment increase oxygenation and survival rate of fish eggs (e.g. Järvenpää & Lindström, 2011) . This may result in less energy investment in the parenting stage and more in reproductive activity under turbid conditions, which could therefore reduce the advantage of large-sized individuals at the parenting stage and increase the proportion of small-sized individuals in the fish population (Candolin et al., 2008) .
We found that reproduction of M. melanioides showed a strong positive density dependence in the 2009-2010 population, which was strongly and negatively correlated with eutrophication-related variables (Sed-TP and Sed-Ca). Three potential density-dependent processes could be considered to influence solely and/or in combination the reproduction of M. melanioides at lower population sizes: (1) the encounter rate between the two sexes may decrease, thus leading to reduced reproductive success; (2) stochastic fluctuations in sex ratio may limit mating success and decrease fitness of individuals within populations (Stephens & Sutherland, 1999 ; Vellend, 2010); (3) increasing inbreeding rate associated with heterozygosity loss and a smaller threshold size for reproduction as the population shrinks can lead to reduced fitness (e.g. female fertility) and higher offspring mortality rate (Willi et al., 2005) . In addition, the snail's reproduction was also impacted by eutrophication-induced filtering processes that lower the population density. For example, the higher Sed-TP and Sed-Ca should lead to accumulation and release of H 2 S, which is toxic to the snails, therefore inhibiting population growth and reducing its reproduction (Hubendick, 1958; Nightingale, 1958; Pidello, 2003; Noyhouzer, Kohen & Mandler, 2009; Song et al., 2013) . Moreover, highly P-enriched sediments can also change the stoichiometric balance of C:P ratio in the snail tissues, leading to lower body C:P values that could be harmful (Elser et al., 2000; Elser, 2005; Song et al., 2013) .
Human-induced eutrophication filters and natural environmental factors can also interact to act directly on snail reproduction. As predicted, TP and Sed-Ca directly promoted reproduction. High-nutrient inputs have caused deterioration of water quality and massive algal blooming in Lake Dianchi in recent decades (Zhang et al., 2015a (Zhang et al., , 2015b , which have degraded habitat conditions for the snail (Song et al., 2013) . In addition, the increased nutrient concentrations caused by higher sedimentation rates can reduce the focal population size through a range of physical mechanisms of siltation, habitat modification and oxygen depletion (e.g. Pearson & Rosenberg, 1978; Grall & Chauvaud, 2002; Li et al., 2012) . Furthermore, the alterations of algal resources and sediments, and habitat homogenization (e.g. the decline of aquatic macrophytes), that are associated with eutrophication could also contribute to the snail population decline in Lake Dianchi, though we did not take these parameters into account in our SEM analysis. In such a deteriorating conditions, it is a favoured survival strategy for individuals to invest more energy in reproduction, compared with those that in historically stable and suitable conditions, which invest more in longevity and somatic growth (Stearns, 1976; Brown, 1983) . However, some natural environmental factors (e.g. WD and WS) do play negative roles in regulating the reproduction of M. melanioides. This species is a lacustrine viviparid (one type of convergently evolved lake morphotypes in Viviparidae; Zhang et al., 2015a Zhang et al., , 2015b and was historically distributed in open deep waters (3-10 m) beyond the submerged plant zone (Wang et al., 2011; Zhang et al., 2012) . Zhang & Cheng (1945) sampled this snails at 40 sampling sites in Lake Dianchi, 39 of which were at depths greater than 3 m. In contrast, we collected snails more frequently in shallow water (≤ 3 m) in our 2009-2010 surveys (15 of 48 sampling occasions at 3 m or less). This suggests that some snails could have moved to shallower waters to escape the deteriorating conditions (e.g. lower oxygen level) in deeper regions mainly caused by the eutrophication processes. Otherwise, the water movement created by wind may inhibit sediment accumulation at shallower depths and could thus affect reproduction indirectly (Hubendick, 1958) . Altogether, three of five significant environmental factors (Sed-TP, Sed-Ca and TP) with fair importance in (WD) . Note that relative importance of the environmental factors is illustrated by arrow width and represented by partial standardized regression coefficients beside the arrows, with their significance levels indicated as superscripts (*P < 0.1, **P < 0.05, ***P < 0.01, NS = nonsignificant).
the final SEM (their absolute standardized coefficients are 0.17-0.43) are directly related to eutrophication. This suggests that eutrophication is the primary factor affecting reproduction of M. melanioides and that the density-dependent processes that were correlated with Sed-TP and Sed-Ca outweighed the direct effects of TP, Sed-Ca, WD and WS on its reproduction.
Despite its increased reproductive investment in response to intensified eutrophication, the population of M. melanioides in Dianchi Lake might currently be facing a high risk of collapse due to exceptionally low snail recruitment (Fig. 3) and we should not conclude that it has the ability to recover fully from the present low density. Firstly, its low fecundity, compared with that of other lacustrine viviparids such as Bellamya aeruginosa (15.9 offspring/brood-bearing female during primary recruitment period; Chen & Song, 1975) and riparian viviparids such as Viviparus and Notopala (20-30 offspring/ brood-bearing female; Simone, 2004; Zhang et al., 2015) , may make this snail particularly susceptible to environmental changes and overharvesting. Secondly, M. melanioides has a larger body size (mean SL 45.9 mm) than those of B. aeruginosa (25 mm), Notopala essingtonensis (24.5 mm) and Viviparus contectus (33.6 mm) (Liu et al., 1979; Simone, 2004) . In many animals, body size is regarded as negatively correlated with maximum population growth (Denney, Jennings & Reynolds, 2002) . This means that M. melanioides may have a high extinction risk and low recovery potential. In addition, the low survival rate of M. melanioides may limit its potential for population recovery (Song et al., 2013) . However, we cannot estimate the survivorships of different age groups of this snail from its size-frequency data using age-specific life-table analysis, because of very low densities of immature and young snails. Further capture-recapture study should be undertaken to determine the importance of survivorship on the population-recovery potential of this snail.
We should also point out that other changes have taken place in Lake Dianchi since the 1930s, besides the obvious one of eutrophication. Our study did not include all the external factors that may influence the life-history traits of M. melanioides. For instance, overharvesting may reduce the snail population size, thus resulting in a density-dependent impact on its reproduction and, in addition, some introduced large-sized carnivorous fish (e.g. the carp Mylopharyngodon piceus) could prey on juveniles thereby increasing their mortality. Nonetheless, we are convinced that changes in harvesting and fish predation are unlikely to impact our general results. In Lake Dianchi, M. melanioides harvesting has been conducted for centuries, but its population size did not shrink until the 1940s (Song et al., 2013) , although harvesting might have increased in recent years (Peng, 2002) . Also, its population underwent a dramatic decline from the 1950s to 2010s, during which time concentrations of TP and TN in the lake increased dramatically from 0.09 to 0.147 mg/l and from 0.20 to 2.13 mg/l, respectively (Wang et al., 2011) . The abundance of the introduced M. piceus appears to be low in Lake Dianchi, because none was found in a recent investigation of the fish population . Therefore, while overharvesting may have accelerated the population decline of M. melanioides, eutrophication appears to be the primary reason for the observed alteration in life-history traits. Furthermore, our previous autecological studies showed that eutrophication-associated factors strongly affected the population dynamics and size structure of M. melanioides, adding support to our general results.
In summary, this endangered snail has adapted its life-history traits mainly in response to intensified eutrophication, which influenced its reproduction in the 2009-2010 population primarily through density-dependent processes and secondarily through direct eutrophication effects. Our results expand the previous studies of eutrophication effects on life-history traits (e.g. Candolin et al., 2008; Lin et al., 2014) to the population level. More importantly, these results highlight the importance of the linkage between eutrophication, life-history traits and population density in freshwater systems. When a population is small or even less than the critical population size below which reproduction rate and/or body growth become negatively density-dependent, the densitydependent processes may override the direct effects of eutrophication on reproduction, which could result in rapid population decline or even extinction. This justifies the rationale for future captive-breeding of juveniles and reintroduction programs for population recovery of M. melanioides in Lake Dianchi. It also has implications for other species of conservation concern that are experiencing population declines in lake ecosystems.
